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Abstract
Redox driven mobilization and plant uptake of contaminants under transiently saturated soil conditions need to be clarified to ensure food and water quality across
different irrigation systems. We postulate that solid-phase iron reduction in anoxic microsites present in the rhizosphere of unsaturated soil is a key driver for
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mobilization and bioavailability of contaminants under nonflooded irrigation. To
clarify this, two major crops, corn and soybean differing in iron uptake strategies,
were grown in irrigated synthetic soil under semiarid conditions with gravimetric
moisture content ~12.5 ± 2.4%. 2-line ferrihydrite, which was coprecipitated with
uranium and arsenic, served as the only iron source in soil. Irrespective of crop type,
reduced iron was detected in pore water and postexperiment rhizosphere soil confirming ferrihydrite reduction. These results support the presence of localized anoxic microsites in the otherwise aerobic porous bulk soil causing reduction of ferrihydrite and concomitant increase in plant uptake of comobilized contaminants.
Our findings indicate that reactive iron minerals undergo reductive dissolution inside anoxic microsites of primarily unsaturated soil, which may have implications
on the mobility of trace element contaminants such as arsenic and uranium in irrigated unsaturated soils, accounting for 55% of the irrigated area in the US.

Introduction
Characterization and mechanistic understanding of nanoscale chemical transformations at the root zone-soil-pore water interface is crucial for safe and efficient food production. These transformations
control the plant uptake of essential macro- and micronutrients as
well as potentially harmful trace elements (i.e., contaminants). Inorganic contaminants such as arsenic and uranium that occur naturally in soil and water may enter the food chain via plant uptake.1,2
Chronic exposure to these trace elements can be responsible for multiple adverse human health effects and is associated with different cancers.3,4 The bioavailability of these geogenic contaminants is
closely linked with the biogeochemical cycles of iron.5−7 Iron itself is
an essential and ubiquitous soil micronutrient, which is present in
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the soil in different ionic (Fe2+, Fe3+) and mineral (Fe−O/−OH) species. Iron in ionic and mineral forms is known to chemically interact with nutrients and contaminants affecting their mobility and
bioavailability.8,9 Plants take up iron in both ferric (Fe3+) and ferrous (Fe2+) forms, and the pathway is dependent on soil environmental conditions,10,11 whereby especially iron redox events are crucial for shifts in the concentration of colloidal/mineral to ionic iron
species.12 Among mineral iron species, ferrihydrite (Fh),13−16 a transient and highly reactive, redox-sensitive oxidized nanomineral of
iron, is of particularly significant importance for the bioavailability
of contaminants such as arsenic and uranium in soil.17,18
Mobilization of iron-colloid/mineral associated contaminants triggered by iron redox transformation in soil is typically associated with
anaerobic conditions, which mainly prevails in flooded and wetland
soils.6,19 However, in the US, 55% of irrigated soils remain predominantly unsaturated20 because of different crop requirements and irrigation strategies to conserve water. In temporarily saturated conditions at near neutral pH, it is conceived that soil will be aerobic and
mainly oxidizing. Therefore, iron will be present mostly in oxidized
or ferric form and remain immobile as oxide.21−23 However, anoxic microsites can be relevant in transiently saturated rhizosphere soil and
can bring about iron reduction.24−29 Further, the iron required by crops
grown under partially saturated conditions is supplied by rhizosphere
processes that trigger iron dissolution at the anaerobic/aerobic root
zone-soil-pore water interface.30−32 A comprehensive understanding of
the mechanism of iron minerals redox pathways in irrigated but predominantly unsaturated soil can predict more precisely biogeochemical element cycling and crop performance that can elucidate their effects on nutrient and contaminant mobilization and bioavailability,
which is the primary focus of the present work.
Here, we showed that Fh-iron reduction plays a critical role in
mobilization and bioavailability of arsenic and uranium at the root
zone-soil-pore water interface in predominantly unsaturated soil.
This is deduced from the presence of Fe2+ in soil pore water sampled after extended dry periods and the significant increase of phosphorus, dissolved organic carbon (DOC), arsenic, and uranium in
pore water along with significantly increased plant uptake of arsenic and uranium. Soil moisture content was maintained similar to
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sprinkler irrigated, semiarid soil of central and western Nebraska,
and Fh was the only soil mineralogical source of iron, arsenic, and
uranium. Temporally variable, anoxic microsites with distinctly different redox behavior than the bulk soil seem to control biogeochemical cycles of contaminants and can possibly impact nutrient cycling.24−29 Therefore, a detailed understanding of reaction pathways
of anoxic microsites can help to strategize mechanisms controlling
crop growth and trace element contaminants under nonflooding irrigation management.

Materials and methods
Artificial Soil
Sand (>99%) and pure kaolinite powder (200 mesh) were purchased
from VWR, USA and were further analyzed for acid digested iron content and dithionite-citrate-bicarbonate extractable iron content, which
were found to be 7.7 ± 3.1 mg/kg and 2.4 ± 2.0 mg/kg, respectively,
for sand, and 25.2 ± 2.2 mg/kg and 15.1 ± 3.8 mg/kg, respectively, for
kaolinite. Iron(III) chloride (FeCl3) reagent grade (97%), sodium bicarbonate (ACS reagent, >99.7%, NaHCO3), trisodium citrate dihydrate (ACS reagent, ≥99%), ferrous sulfate (99.9%), ammonium acetate (99.9%), acetic acid (99.9%), calcium carbonate (ACS reagent,
≥99%), and 1,10-phenanthroline (99.9%) were purchased from SigmaAldrich, USA. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O) (extra pure,
98%), cellulose microcrystalline (extra pure, average particle size 90
μm), sodium hydrosulfite (ca. 85%, Tech., Na2S2O4), and potassium hydroxide (KOH) were manufactured by ACROS organics and purchased
from Fisher Scientific, USA. Arsenic (As) and uranium (U) standards
were purchased from Inorganic Venture, USA. All water used in the experiment was of reagent grade with resistivity of 18 MΩ-cm.
Synthesis of 2-Line Ferrihydrite and Coprecipitation with
Arsenic and Uranium
2-line ferrihydrite (Fh) synthesis was carried out following the method
described elsewhere.33,34 Briefly, 25 g of FeCl3 salt was dissolved in 10 L
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of reagent grade water. Arsenic and uranium standard solutions were
added to the Fe-salt mixture. The pH of this solution mixture was
brought to near neutral by controlled addition of KOH, and pH was
kept around ~6.5 ± 0.2. Finally, 0.15 g of Zn(CH3COO)2·2H2O was
added to change the zeta potential of the solution. The whole mixture
was shaken well to precipitate 2-line Fh. The solution was decanted
to reduce volume and filtered. The presolution and postdecants were
analyzed for iron, arsenic, and uranium to confirm coprecipitation of
the trace contaminants. The precipitate was dried in a vacuum desiccator for 48 h before use. Multiple batches of synthesis were carried out to produce all of the 2-line Fh required for the greenhouse
experiment. Powder XRD (PANalytical Empyrean Diffractometer, Cu
Kα source) was carried out to confirm formation of 2-line Fh (Figure S1), which matches well to the (110) and (115) planes of 2-line Fh
(PCPDF# 29-0712).35 ICP-MS was used to quantify the coprecipitation
once it was complete, which was >90% for both arsenic and uranium.
Greenhouse Experiment
The different forms of iron hydroxide and oxide minerals in soils can
make it complicated to study iron reduction in the root zone. Further,
the source of reduced iron can include dissolution of Fe2+ containing
minerals, and artificial soil can reduce these environmental complexities.36 To address this complex nature of iron minerals, two artificial
substrates (i) containing 70% sand, 27.9% kaolinite, 2% cellulose,
and ~0.10% w/w (arsenic and uranium adsorbed prequantified) Fh
(Soil#1) and (ii) containing 70% sand, 27.85% kaolinite, 2% cellulose,
and ~0.15% w/w Fh (Soil#2) were prepared. This was done to mimic
two different soil mineralogical conditions based on varying contents
in dithionite-citrate-bicarbonate (DCB) extractable iron,37 arsenic, and
uranium, as observed in central and western Nebraska. However, artificial soil may not entirely replicate the actual rhizosphere conditions but can predict rhizosphere phenomena up to a certain extent.
Each starting substrate was weighed out and mixed separately for all
twelve replicates per soil mixture. Corn (n = 6) and soybean (n = 6)
were grown in each soil mixture for a total of 60 days. Replications for
corn and soybean cultivated in the two soil mixtures were randomly
distributed in the greenhouse at the University of Nebraska-Lincoln.
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Figure 1. a) Timeline of water application, pore water collection, Hoagland solution
application, and harvesting in the greenhouse experiment. b) and c) Concentrations
of iron, Fe(II) (Fe2+), arsenic, and uranium in the pore water for Soil#1 (b) and Soil#2
(c) for soybean and corn (n = 6). The magenta and cyan lines are the concentration
of arsenic (5.5 μg L−1) and uranium (3.4 μg L−1) in artificial irrigation water. Soil#1
contained less Fh compared to Soil#2, but irrespective of soil and crop, Fe2+ was observed in the pore water after a prolonged nonirrigated stage in between pore water
collections (40th and 60th day collections). The moisture content was ~15% before
the first pore water collection on the 20th day, indicating Fh transformation under
unsaturated conditions. Pore water also contained an elevated amount of arsenic
and uranium, which varied between 20 and 110 μg L−1 and 4−17 μg L−1, respectively.

M a l a k a r e t a l . i n E n v i r o n m e n ta l S c i e n c e & T e c h n o l o g y 5 4 ( 2 0 2 0 )

7

A control set, without any crops, was also kept in the greenhouse, and
samples were collected similarly. However, no signature of reduced
iron was observed in the control pots with a negligible amount of arsenic and uranium, and this data will not be discussed further. Pots
of 25 cm diameter received 7 kg of the soil mixture. The greenhouse
temperature was controlled between 22 and 28 °C, and crops received
16 h of daily light. Soil mixture pH was maintained at 6.9 to 7.5 by applying lime (Figure S2). The modified Hoagland solution38 was prepared which was devoid of iron to supply macro- and micronutrients
required for the crop growth (Figure 1a). The Hoagland solution was
applied after each pore water collection to replenish essential nutrients required for sustaining crop growth (Figure 1a). Artificial irrigation water containing arsenic and uranium was prepared utilizing
arsenic and uranium standard solutions, and the pH of irrigation water was around ~6.9 ± 0.1.
Equal weight of irrigation water was given to each crop, and equal
weight of irrigation water was used to collect pore water samples
from each pots. Moisture content was maintained at 12.5 ± 2.4%
(saturated water content was ~24.3%) for each pot, before the first
leaching of pore water. Soil field capacity moisture content was measured for two soil mixtures before the start of the experiment. Soil
moisture content was measured gravimetrically throughout the experiment and before pore water collection events. Pore water from
each pot was collected as leachate in a clean tray placed at the bottom of the pot after 20, 40, and 60 days of sowing seeds. Equal
weight (900 g) of artificial irrigation water was added in each pot,
and within 30 min, leachate was collected in the tray. After each pore
water sample collection event, plants were only supplied with 100 g
of the Hoagland solution to replenish essential nutrients which were
lost during pore water collection. Plants were not watered again until the next pore water sampling event, as unsaturated conditions
were fairly maintained as indicated by gravimetric moisture content
(Figure S3). Replenishing with the Hoagland solution is not typical in the agricultural field as field sites are well buffered for shortterm use for almost all nutrients. However, here it was needed to
ensure that crops are not stressed due to lack of nutrients in the artificial substrate. Iron is usually not applied as fertilizer and is typically provided by soil-borne sources. The ample time gap given after
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each pore water collection was to maintain the semiarid conditions
throughout the 60 days of the experiment.
Soil and Plant Tissue Analyses
Soil pH was measured twice a week by a 1:1 soil:water solution and
measuring in a hand-held pH probe (Oakton PHTestrs 30) (Figure
S2). Moisture content was measured at regular intervals and before
pore water collection, by oven drying collected soil samples at 105 °C
for 24 h. Soil ORP (Oakton ORPTestr 50) was measured biweekly at a
5 cm depth, which utilized Ag/AgCl, KCl (saturated) as the reference
electrode, and values were converted to a standard hydrogen electrode using the Nernst equation and reported at Eh (V). Soil samples
from each pot were collected at the beginning and end of the experiment for trace metal analysis.
Postexperiment soil which had roots intertwined were collected as
root zone soil sample. Arsenic and uranium was quantified by microwave digestion of the air-dried soil samples.39,40 DCB extraction was
carried out for quantifying extractable iron in the soil.37 Briefly, 79.4
g of trisodium citrate and 9.24 g of sodium bicarbonate was dissolved
in 1 L of reagent grade water, and pH of the final buffer solution was
~7.3. In a 50-mL falcon tube, 3 g of a 24-h air-dried soil sample was
taken, and 45 mL of the buffer solution was added. The soil mixture
was agitated in a hot water bath kept at 75 °C for 15 min. After 15
min, 1 g of sodium dithionite was added and again kept in the hot water bath for 10 min. After 10 min, another 1 g of dithionite was added
very slowly and agitated in the water bath for another 15 min. Finally
it was cooled down and centrifuged, and the extraction was collected.
The extractions were acidified with trace certified HCl before analysis. The extractions were analyzed in inductively coupled plasma mass
spectroscopy (Thermo Dionex IC 5000+ iCAP RQ ICP MS) for iron after 100-fold dilution using matrix match standards. Air-dried soil samples were ground to a fine powder and digested with hot nitric acid,
and the digestates were subject to elemental analysis with ICP-MS.
Soil CRMs were run to confirm the extraction and analysis method.
X-ray photoelectron spectroscopy (XPS) (Thermo Scientific K-alpha
+ XPS, under Al Kα X-ray (hν = 1486.6 eV, 10−9 mbar) was utilized to
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confirm the iron oxidation state in the pre- and postexperiment soil
samples. Postexperiment root zone soil samples were degassed in a
vacuum desiccator before analysis in XPS. Plant tissues were cleaned
and dried in an oven (65 °C) until constant weight to record the dry
biomass, dried plant tissues (roots and shoots combined) were ground
to a fine powder, and hot nitric acid digestion was carried out for elemental analysis with ICP-MS.40
Pore Water Analyses
Pore water samples were collected within 30 min after application
of artificial irrigation water, filtered using a 0.45 μm syringe filter,
and subsampled. Given the size range of the added ferrihydrite17 and
organic-iron complexes41 formed in the rhizosphere, the chance of
introducing colloidal iron in the collected pore water sample at 0.45
μm is high but is considered to be a dissolved iron phase.41 Collected
pore water samples were analyzed in situ for reduced iron (Fe(II))
by the 1,10-phenanthroline method spectrophotometrically (Vernier
Spectrophotometer, USA) at 510 nm.42−44 A part of the sample was
acidified with trace-certified hydrochloric acid for arsenic, uranium
and total iron quantification in ICP-MS and major cations analysis
in atomic absorption spectroscopy (PerkinElmer AAnalyst 400 Spectrophotometer). A part of the sample was acidified with sulfuric acid
for colorimetric (Seal AQ2 Autoanalyzer) analyses of nitrate and ammonia. Unpreserved pore water samples were used for DOC measurement by the persulfate oxidation method (Ol Model 1010 Carbon
Analyzer), for major anion analysis in ion chromatography (Dionex
ICS-90 Ion Chromatograph), and alkalinity measurement by the titrimetric method. Pore water samples concentration of arsenic and
uranium reported here has been deducted with the concentration
present in artificial irrigation water, which was ~5.5 ± 0.7 μg/L and
3.4 ± 0.2 μg/L for arsenic and uranium, respectively. These concentrations are generally found in the groundwater of Nebraska, used
for irrigation. Iron mass balance was carried out by measuring the
mass of iron in pore water for 1 h, total Fh-Fe, total acid digested
iron, and iron uptake by crops.
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Statistical Analyses
Statistical analysis of collected data were carried out in Origin Pro
2019b software. Data were tested for normal distribution and homogeneity of variance. Pearson correlation coefficients were computed,
and one-way ANOVA analyses were performed to statistically analyze the data for correlations and significant effects of the factors soil
mixture (high Fh, low Fh) and crop type (corn, soybean) on selected
parameters.
Chemical Equilibrium Modeling
The speciation model presented in this work was carried out by adopting the USGS chemical speciation program PHREEQC (version 3)45
(available from https://www.usgs.gov/software/phreeqc-version-3
coupled). With PHREEQC, species and reactions, as well as equilibrium
constants, are all defined in a database file. The limitation of other
databases (e.g., minteq dat, phreeqc.dat) is there is an inconsistency
in the number of elements used in the databases. Thus, the database
wateq4f.dat, derived from WATEQ4F,46 is adopted in this model to calculate the different species of the elements analyzed which includes
uranium, arsenic, and iron. The model utilizes the nitrate/ammonium
couple for calculation of redox-sensitive, which predicted equilibrium
concentration of reduced iron in the pore water.47 The model-predicted
values were then matched with experimental results. Model inputs
include temperature, pH, alkalinity, anions, cations, ammonia, and
concentration of arsenic, iron, and uranium as obtained from ICP-MS
measurements for each pore water sample.47

Results and discussion
Ferrihydrite Transformation
In the greenhouse, the irrigation schedule was kept similar to a typical
crop production setup in the US Midwest.48,49 Artificial soil mixtures36
were prepared with known mineral and elemental composition and
used as growth medium for evaluating the effect of Fh transformation
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on mobilization and bioavailability of contaminants. The artificial soil
contained 2-line Fh as the only source of mineral iron in two concentrations (soil#1: ~0.10% w/w and soil#2: ~0.15% w/w), which are
within the range of natural soil, as observed in field samples from
central and western Nebraska. The Fh mixed into the artificial soil
was synthesized in the laboratory and contained controlled amounts
of coprecipitated arsenic and uranium.33 The Eh ORP of bulk soil varied from 0.401 to 0.452 V, and pH was 6.5−7.5 (Figure S2), indicative
of predominantly suboxic to marginally oxic conditions.50 Development of anoxic microsites and iron reduction within the rhizosphere
can take time, and samples were collected after sufficient time, which
was given for the crops to grow. Pore water was collected from pots
on the 20th, 40th, and 60th day of the experiment and analyzed for
Fe2+, total dissolved iron, arsenic, uranium, and other elements. After 60 days, the crops were harvested and analyzed for their chemical composition.
Irrespective of crop type and soil mixture, Fe2+ was observed in the
pore water (Figure 1b,c). Pore water collected after a substantial dry
period (~13.6 ± 0.9% water content from day 1 to 20, no watering between day 22 to 39 and day 42 to 59 (Figure S3)) contained measurable levels of reduced iron. Cumulative Fe2+ concentration (sum of the
average (n = 6) concentrations measured at Day 20, 40, and 60) was
750 μg L−1 (soil #1) and 885 μg L−1 (soil #2) for soybean and 414 μg L−1
(soil #1) and 760 μg L−1 (soil #2) for corn. Pore water from soybean
had significantly more Fe2+, which is expected, as iron uptake in soybean is via reduction pathway.51,52 The largest amount of Fe2+ was detected in the first sampling at day 20 for both crops, which decreased
midterm (day 40) and increased again at day 60 of the experiment
suggesting iron redox cycles within the growing period. Cumulative
arsenic concentrations in soil pore water were 72 μg L−1 (soil #1) and
139 μg L−1 (soil #2) for soybean and 65.4 μg L−1 (soil #1) and 105 μg
L−1 (soil #2) for corn. For the respective uranium concentrations, we
detected 19.2 μg L−1 (soil #1) and 23.2 μg L−1 (soil #2) for soybean and
15.8 μg L−1 (soil #1) and 18.2 μg L−1 (soil #2) for corn. The Fe2+ concentrations in pore water correlated significantly with concentrations of
arsenic (r = 0.70, p < 0.01) and uranium (r = 0.65, p < 0.01). We take
this as evidence for iron reduction in the soil pointing toward 2-line
Fh reductive dissolution leading to elevated concentrations of arsenic
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and uranium in the pore water in both soils (Figure 1b,c). The amount
of total iron in the pore water correlated well with the amount of arsenic and uranium in the pore water, and in some cases, iron was almost
entirely in reduced form. Soluble uranium has been observed to increase with iron reduction under comparable pH in anoxic microcosm.
53
However, compared to arsenic, lower uranium concentration in the
pore water in the present study may be due to the possible conversion of highly soluble U(VI) to sparingly soluble U(IV), which may be
associated either with particulate organic matter, including biomass,
or form sparingly soluble UO2 phases.54,55 Thus, uranium may not be
available in high concentration in the mobilized form for crop uptake.
Chemical equilibrium modeling of the pore water was carried out
using PHREEQC45 to understand different geochemical processes occurring in the soil and predict equilibrium forms of iron ions and minerals in pore water. Fe2+ concentrations predicated by the model were
in good agreement with experimentally detected values (Table S1).
The model also indicated that the saturation index of Fh in the pore
water increased as the experiment progressed. The increase from a
negative to a positive value of saturation index (Table S1) suggested
that the pore water solution became supersaturated with suspended
Fh mineral at the later stage of the experiment, which may indicate
potentially new Fh was formed between irrigations.
Pore water concentrations of phosphate (Figure S4), which is
known to bind strongly with iron oxides,22 correlated strongly with
Fe2+ (r = 0.82, p < 0.01). DOC increased throughout the experiment
(7.8 to 35.8 mg C l−1) (Figure S4). The DOC concentrations in pore water correlated significantly (r = 0.79, p < 0.01) with total iron. The
data suggest that dissolvable, low molecular weight carbon moieties
and phosphate mobility seems to be coupled to iron redox based processes at anoxic microsites within unsaturated bulk soil. These findings correlate well with a recent study by Warrinnier et al.56 where
anaerobic microsites, sparked from the presence of dissolved organic
carbon, in well-drained soil were found to mobilize phosphate.
Changes on the Iron Oxidation State in Soil
Similar to the pore water, changes in the oxidation state of iron were
observed in both soils. Pre- and postexperiment samples from both
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Figure 2. a) Oxidation states of iron in the initial sample (Soil#1, corn), b) oxidation
states of iron in the postexperiment sample (Soil#1, corn) observed with XPS, c) dithionite extractable iron for both soils and crops, and d) uranium and arsenic concentrations in both soils (average of all crops and error bar is standard deviation).
For Soil#1, which had less amount of Fh and is shown here, two peaks humps were
observed in the postsoil sample indicating the presence of two different forms of
Fe2+ and Fe3+.57,58 Similarly, the amount of extractable iron is also less in the postexperiment sample compared to the presample. Trace contaminant concentration has
also been reduced in the postexperiment samples for both soils.

soils were characterized with XPS. Figure 2a,b shows pre- and postexperiment soil samples from corn pot of soil#1. The postexperiment sample contained Fe2+ (~709.0 eV Fe2+ 2p3/2, ~722.5 eV Fe2+
2p3/2) and Fe3+ (~711.6 eV Fe3+ 2p3/2, ~725.3 eV Fe3+ 2p3/2), whereas
the initial soil contained only Fe3+ (~711.4 eV Fe3+ 2p3/2, ~724.6 eV
Fe3+ 2p3/2), with a satellite peak at ~719.5 eV (Figure 2a,b).57,58 The
presence of reduced iron in soil at the end of the experiment is from
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iron originating from the 2-line Fh added to the artificial soil. These
results show the occurrence of iron reduction under partially saturated soils, which is potentially coupled to the iron requirement of
crops. We assume these processes to be concentrated in the anoxic
microsites at the root zone-soil-pore water interface, and that reduction of iron will lead to the release of iron oxide-bound contaminants and nutrients near the root zone.
Observation of reduced iron under these soil conditions is unique
and has implications also for nitrogen and carbon cycles near the root
zone as these are redox-sensitive. Variations in nitrogen species (nitrate and ammonium) were also monitored in the soil samples and
found to correlate strongly with Fh concentration present in the soil
(r = 0.95, p < 0.01). Iron chemistry in nonflooded soil is presumed to
occur primarily in oxidized mineral forms.59 However, our study confirms that reactive iron minerals, such as Fh, can undergo transformation via the reductive dissolution pathway playing an important
role in geochemical cycles under these soil conditions.
The amount of DCB extractable iron was reduced in postexperiment soil samples compared to soil concentrations at the beginning
(Figure 2c). A mass balance of iron suggests that it either leached
out of the system or was taken up by crops, and a small percentage of DCB extractable iron (~7.6 ± 4.2%) was unaccounted for,
which may have converted to other mineral forms,60 which are not
extractable by DCB (Table S3). The amount of arsenic and uranium
decreased in the postexperiment soil sample (Figure 2d). Both arsenic (r = 0.81, p < 0.01) and uranium (r = 0.68, p < 0.01) postexperiment soil concentration correlated significantly with the Fh content. The decrease in contaminants was higher in soil#2 compared
to soil#1. The release of more arsenic and uranium in soil#2 is comparable with the decline in soil Fh and elevated uptake of contaminant by crops in soil#2. This was expected because plants take up
more iron61 whenever available, and in our experiment, soil#2 contained more iron than soil#1. Fh transformation processes in these
soils seem to control the mobility of the trace contaminants under
nonflooded irrigation conditions.
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Implication on Crop Uptake Due to the Mobilization of
Contaminants
The unsaturated conditions maintained throughout the experiment
created water stress for the crops in the later part of the experiment,
between the second and final collections. There was no visible symptom of iron stress62,63 (Figure S5) in either of the crops grown in the
soil mixtures. Iron present as ferrihydrite most likely provides enough
plant-available iron as compared to natural soils where other less reactive forms of iron minerals are present. The mobilization of trace
elements at the root zone has direct impact on the plant uptake of
these contaminants. We observe that plants take up both contaminants irrespective of the soil (Figure 4). Uptake of arsenic was highest, which is not surprising as arsenic was more bioavailable in the
pore water and may be more driven by Fh reduction. Immature plants
had no grains due to the short study period of 60 days, so Figure 4
shows arsenic and uranium uptake in the whole crop. In both crops,
there was significantly higher uptake in soil#2 compared to soil#1.
Soybean took up more trace contaminants than corn because iron uptake in soybean occurs via extracellular reduction51,52 and is more crucial for soybean growth. The enhanced rate of iron uptake in soybean,
promoted iron reduction releasing arsenic and uranium, which were
subsequently taken up by the crops. Higher uptake of uranium in soybean shoots and roots was observed in comparison to corn in a previous study, and uptake amount increased in both crops as the concentration of uranium increased in the growing media.64 In that study,
uranium uptake was highest in soybean shoots (9.9 μg/g) followed by
corn shoots (8.5 μg/g), followed by roots of soybean (1.8 μg/g) and
corn (1.6 μg/g), and the concentration of growing media was 15.3 mg
kg−1.64 Arsenic uptake in soybean matches well with a previous study
at a similar concentration range of bioavailable arsenic in soil.65 The
concentration of arsenic in corn was on the higher side than what is
generally observed but within the range of reported uptake amounts.66
The bioconcentration factor (BCF) in soybean for arsenic was found
to be 1.7 and 1.3 in soil#1 and soil#2, respectively, and for uranium it
was found to be 0.3 and 0.7 for soil#1 and #2, respectively. The BCF
in corn for arsenic was 1.7 and 1.2 in soil#1 and #2, and for uranium
it was 0.3 and 0.3 in soil#1 and #2, respectively.
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Figure 3. Uptake of arsenic and uranium by the entire crop (soybean and corn) for
both soils. The asterisk (*) shows significantly different uptake concentrations in the
same crop type under two different levels of Fh in the starting soil.

The initial concentration of Fh in soil correlated strongly and significantly with arsenic (r = 0.81, p < 0.01) and uranium (r = 0.98,
p < 0.01) uptake in soybean. A significantly strong correlation was
observed for uranium (r = 0.97, p < 0.01) uptake in corn. Plant iron
concentration showed significant correlation with plant arsenic (r
= 0.88, p < 0.01) and uranium (r = 0.97, p < 0.01) concentration
for soybean, but no such relation was found among corn crops. This
may be due to the difference in the uptake mechanism of iron for
both crop types. Soil#1 had less arsenic and uranium to start with
and showed less plant available to arsenic and uranium, which is evident from the lower amount that has been taken up by both crops
compared to soil#2 (Figure 3). Arsenic seems to be more bioavailable compared to uranium and more affected by Fh reductive dissolution67 and shows a significantly (p < 0.05) different uptake amount
between soil#1 and soil#2 for both crop types, and uranium concentration in soybean showed a significant (p < 0.05) difference between soil#1 and soil#2. Higher Fe2+ in the pore water correlates
with higher uptake by the crop regardless of the soil. However, corn
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plants can take up Fe3+ directly by solubilizing iron,68 even though reduced iron was observed in this study. Crop demand for iron can explain reduced iron in the unsaturated rhizosphere of legumes such
as soybean, as iron reduction is the main source of this micronutrient for legumes.51,52 However, for grasses such as corn, the main
uptake mechanism is chelation, not reduction,51,52 which makes the
latter unlikely to serve as the main source of reduced iron. This indicates that localized redox sites existing at the root zone-soil-pore
water interface contribute to reductive iron mobilization irrespective of iron plant uptake mechanism (Figure 4). Anoxic microsites
are generated due to the higher water potential at zones within the
soil, while the soil as a whole remains unsaturated.
Anoxic microsites can harbor microbes, and microbial processes occurring within these microsites may be responsible for the presence
of reduced iron in the pore water.27 Artificial soils, even under strict
sterile conditions, are known to support microbial activity.36,69 Microbes, which are required for rhizosphere processes, can be present
in the root zone-soil-pore water interface70−72 and presumably utilize
iron reduction for electron shuttling,21 which can possibly explain the
presence of Fe2+ in corn. The increase in arsenic mobilization has been
linked to iron-reducing bacteria in the rice rhizosphere under flooded
conditions.73 Similar microbial processes can occur under transiently
saturated conditions during a short irrigation period within the anoxic microsites.74,75 The reduction of iron in the porous unsaturated,
semiarid bulk soil due to the presence of anoxic microsites is the primary outcome of the present study. The release of contaminants such
as arsenic from the reductive dissolution of ferrihydrite is a consequence of the presence of anoxic microsites in the unsaturated soil.
Our results highlight that the dynamics of reactive iron minerals can
control the availability of nutrients and trace elements in unsaturated
soil. For these processes, contributions of anoxic microsites in partially saturated irrigated soils need to be considered. The presence of
anoxic microsites in the root zone-soil-pore water interface can control important redox-sensitive reactions at the rhizosphere. Iron mineral transformation at these interfaces is one of the key biogeochemical reactions of the rhizosphere, mainly because of iron requirements
of the crops and the ability of iron oxides to control the mobility of
trace element contaminants.
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Figure 4. Conceptual model of ferrihydrite (Fh) reduction in semiarid surface soil in
root zone-soil-pore water redox hotspots. In partially saturated irrigated conditions,
soil is generally dry (arid to semiarid). Crops grown in these conditions need iron for
proper growth, and the roots take up iron either by chelation or reduction ferrous
iron. These processes for iron uptake require anoxic microsites near the root zone,
which provide conditions for reductive dissolution of iron minerals such as Fh. Fh
is known to chemisorb a plethora of trace elements (black circles in the figure) that
are mobilized due to this transformation at the root zone, rendering them available
for crop uptake or prone to subsequent leaching into the unsaturated zone below.

While the concentration of Fh used in this experiment was comparable to field soils, nevertheless, downstream experiments under actual field conditions are needed to validate the results of this study.
These results, however, provide the framework for future field studies examining the role of Fh in trace element contaminant mobilization and bioavailability under unsaturated conditions. Iron reduction
in soils under sprinkler or subsurface drip irrigation can have major
implications for iron and trace element mobilization and for the biogeochemical cycles of carbon and phosphorus in the root zone. These
processes need to be understood at a mechanistic detail because nutrients and contaminants mobilized in the root zone can be taken up
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by crops or infiltrate the groundwater. Finally, the redox-driven iron
pathway in unsaturated soils under semiarid to arid conditions appears to be crucial for water and food security.
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Figure S1. 2-line ferrihydrite powder X-ray diffraction data, matches well with PCPDF#29-0712.
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Figure S2. Average soil pH of all the pots, error bar represents the standard deviation between pH
values.
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Figure S3. Average gravimetric moisture content of all the pots, error bar represents the standard
deviation between gravimetric moisture content values.
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Figure S4. Shows dissolved organic carbon, ammonia, nitrate, potassium, and orthophosphate concentrations in
leachate for a) soil#1 and (b) soil#2.
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Figure S5. Shows soybean and corn crops in soil#1 (left) and soil#2 (right).

S4

Table S1. Fe2+ values as predicted by chemical equilibrium model compared with experiment
value.
Soil 1

Fe2+ Exp (mol L-1)

Fe2+ Model (mol L-1)

Soybean

4.6 * 10-6

2.7 * 10-5

Corn

2.5*10-6

1.5*10-6

Soil 2

Fe2+ Exp (mol L-1)

Fe2+ Model (mol L-1)

Soybean

5.0*10-6

1.7*10-6

Corn

4.4*10-6

2.5*10-6

Table S2. Saturation index of ferrihydrite mineral as per chemical equilibrium model.
Soil#1

Corn

Soybean

Day 20

-0.87

-1.03

Day 40

-0.71

-0.98

Day 60

0.32

1.47

Soil#2

Corn

Soybean

Day 20

-2.9

-3.1

Day 40

-1.18

0.01

Day 60

0.23

1.09

S5

Table S3. Shows iron (Fe) mass balance mean and standard deviation of all replicates for each crop and soil type.
Acid
Digested
Initial Fe

Initial
DCB* Fe

Acid
Digested
Final Fe

Final DCB*
Fe

DCB*
Difference

(in mg)
Soil#1 Soybean
4739235
4599232
4337193
421690
382154
Soil#2 Soybean
6132363
5873307
5882332
5682227
24585
Soil#1 Corn
480982
4608156
4329145
4151252
457160
Soil#2 Corn
6643897
6020161
61081048 5513490
506410
*
DCB: Dithionite-citrate-bicarbonate method Fe extraction.
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Fe in
leachate
within 1st
hour

Fe in crop

Unaccount
ed
Or
Converted
Fe

1.41.5

2.3.8

379152

0.70.2

1.20.6

24385

0.60.2

3.01.2

454160

0.70.3

3.01.0

502410

